Like other mating behaviors, the courtship ritual exhibited by male Drosophila towards a virgin female is comprised of spatiotemporal sequences of innate behavioral elements. Yet, the specific stimuli and neural circuits that determine when and where males release individual courtship elements are not well understood. Here, we investigated the role of visual object recognition in the release of specific behavioral elements during bouts of male courtship. By using a computer vision and machine learning based approach for high-resolution analyses of the male courtship ritual, we show that the release of distinct behavioral elements occur at stereotyped locations around the female and depends on the ability of males to recognize visual landmarks present on the female.
Introduction
Courtship and other social interactions between conspecifics often depend on ritualistic spatiotemporal transitions between distinct innate behavioral elements [1, 2] . Yet, the specific sensory stimuli and neuronal circuits that drive the spatial and temporal aspects of social interactions remain unknown for most species. During courtship behaviors, many animals rely on the visual system to identify salient patterns, colors, or motion cues from conspecifics that promote or inhibit mating-related behaviors [3, 4] . In diverse insect species, motion cues have been shown to be particularly important for triggering male chase behaviors during courtship [5, 6, 7, 8, 9] . These motion cues are detected and processed by visual projection neurons in the brain, which connect to downstream motor centers to generate relevant behavioral outputs [10, 11, 12] . While motion detection is important for keeping the male in proximity to a moving target during courtship, how specific visual cues and neural pathways might regulate the proper spatio-temporal coordination of other mating displays remains largely unknown.
In the fruit fly Drosophila melanogaster, the copulation success of males depends on a premating courtship ritual that consists of a sequence of stereotyped behavioral elements including chasing, orienting, singing, scissoring, tapping, licking, and attempted copulation [13, 14, 15] . Although different courtship elements are somewhat independent of one another, there are strong temporal inter-relationships between individual behavioral elements, where the probability of transitioning from one behavior to another is relatively fixed [1] . However, sensory deficits can affect the frequency of these transitions and can also impact both courtship latency and intensity [16, 17, 2] . Similarly, male mating behaviors include important spatial components which support successful copulation, including extension of male's wing nearest the female's body to allow for improved perception of auditory cues by the female [17, 18, 9] . However, the specific sensory modalities and cues that drive the appropriate spatial and temporal patterns of individual courtship elements, as well as the transitions between specific elements, are not well understood.
Previous work has suggested that visual recognition of female motion is sufficient to trigger male courtship and that males use motion cues to orient towards and chase target females [6, 7, 8, 9, 12] . Recently, a subset of visual projection neurons in the Lobula Column (LC) of the male brain was shown to be tuned to female-like movements and specifically required for the proper orientation of a male towards a female during courtship [12] . However, which and how other motion-independent visual cues contribute to male courtship remains mostly unknown.
Here we investigated the visual features and neural circuits that regulate both spatial and temporal components of the courtship ritual in Drosophila males. By using computer vision-and machine learning-based analyses of male courtship behaviors towards stationary female targets, we demonstrate that the timing and positioning of males during specific courtship elements depends on visual signal processing. Specifically, we show that males use the eyes of their courtship targets as a visual guide to release bouts of tapping, scissoring, and orienting at appropriate times and spatial locations surrounding the female. Further, we find that the spatial positioning of the male depends on the activity of several classes of LC neurons in the visual system. Together, these data suggest that Drosophila males use visual recognition of morphological features present on the female's body to regulate appropriate spatiotemporal distributions of particular courtship behavioral elements.
Results

Vision is required for stereotyped behavioral positioning during courtship
Female motion is an important visual cue which male flies use to initiate and direct chase behaviors during bouts of courtship [6, 8, 9, 12] . However, whether other visual cues also play a role in regulating spatial or temporal aspects of courtship elements is mostly unknown. Therefore, here we hypothesized that in addition to responding to motion, males are capable of visually recognizing anatomical features present on the female to direct courtship elements to distinct spatial locations.
To separate the effects of female body morphology from motion on the spatial positioning of the male during courtship, we developed a simplified courtship paradigm which eliminates female motion-related visual cues and used custom tracking and behavioral classification software to analyze the spatial localization of males during specific elements of the courtship ritual ( Figure   1A ). We further used this software to analyze the temporal inter-relationships between specific courtship behaviors (Supplemental Figure 1 ).
Using this assay, we first characterized the spatial aspects of male courtship behaviors in wildtype Canton-S males. We found that males take an asymmetric and stereotyped path around a stationary female during courtship whereby they position themselves ∼1.5 times further away from the female's head than the tip of her abdomen (p < 0.001, 1-Sample T-Test; Figures 1B-C). Next, we trained and used classifiers to identify video frames containing males engaging in three easilyrecognizable courtship behaviors: (1) tapping or touching, (2) orienting, and (3) scissoring or wing extensions (Supplemental Figure 1A -E). In our paradigm, these behaviors accounted for ∼95% of the time that males were actively courting (Supplemental Figure 1F ). Additionally, once males began courting, they transitioned between behavioral states at the rates shown in Supplemental Figure 1G . Spatial analyses of these three courtship elements indicated that bouts of tapping largely occur when the male is on the posterior half of the female, whereas bouts of orienting and scissoring occur when the male is on the anterior half of the female ( Figure 1D ). Accordingly, tapping positions are largely anti-correlated with scissoring and orienting positions, whereas orienting and scissoring positions are highly correlated with one another (Supplemental Figure 1H -I).
We next sought to determine whether vision was driving the differential spatial positioning of males during specific courtship elements by comparing males courting females under either red light (a condition which limits vision in flies) or white light ( Figure 2 ). We found that under red light, males no longer display an asymmetric courtship path. Instead, they exhibit a symmetric path that is equidistant from both the anterior and posterior ends of the female (p < 0.001, 1-Sample T-Test; Figure 2A . These data indicate that while vision is important for the spatial distribution of courtship elements, it is not required for their release. Nonetheless, when courting under red light, we found that males increase the relative time spent tapping and decrease the time spent scissoring toward the female, while the amount of time spent orienting remained constant (Supplementary Figure 2E ). These results are consistent with the observed frequency of transitions from orienting into tapping and orienting into scissoring for males courting under either white or red light (Supplemental Figure 2F -H). Intriguingly, these data suggest that males might compensate for the loss of visual stimuli by increasing chemoand/or mechanosensory inputs via tapping.
Males use the eyes of females as a visual marker for directing the spatial distributions of specific courtship elements
Having established that vision plays an important role in the proper spatial positioning of males during courtship, we then asked which specific visual cues direct the precise spatial release of these behaviors. We hypothesized that morphological features on the female body with regions of high contrast could serve as salient visual cues. In D. melanogaster, the head contains two dark, red-pigmented eyes that highly contrast with the lighter colored cuticle and could serve as a visual marker for males during courtship (Supplemental Figure 3 ). We thus tested whether males use the eyes of the females as a visual cue for establishing where to direct specific behavioral elements of the courtship ritual.
First, we asked whether the head of target females is necessary for regulating any spatial as- Figure 3E ). Despite spatial deficits, we found that overall courtship latencies and indices towards intact and headless females are not different (Supplemental Figure 4 , A-D). However, we found that males courting headless females exhibit a decreased scissoring frequency, suggesting that anatomical features associated with the head of the female are possibly serving as a visual trigger for the release of this specific courtship element (p < 0.05, Kruskal Test; Supplemental Figure 4 , E-H).
Next, to determine whether the head of the female is sufficient to induce the release of individual courtship behaviors at their appropriate spatial positions, we examined the behavior of males courting females whose head had been transplanted from her anterior to posterior end. We found that in contrast to males that courted intact females ("Head-Anterior"), males that courted females with a posterior head position ("Head-Posterior") exhibit an asymmetric courtship path that was biased towards greater distances from the posterior, rather than the anterior, end of her body axis ( Figure 3F -I). Thus, males utilize the head as a visual marker to delineate the anterior-posterior body axis of the female during courtship. Further, we found that when courting "Head-Posterior" females, males switch their tapping location to the anterior end of the female body axis. In con-trast, the spatial distributions of orienting or scissoring behaviors towards "Head-Posterior" females are randomly distributed (Tapping: p < 0.05, Rayleigh Test; Orienting and Scissoring: p > 0.05, Rayleigh Test; Figure 3J ). These results indicate that the location of the female head is required and sufficient to drive the spatial release of tapping behaviors during courtship. However, female head location is required, but it is not sufficient, to drive the appropriate spatial release of orienting or scissoring behaviors. Despite the significant impact of head location on the spatial organization of male courtship behaviors, there were no significant differences in the overall levels of courtship or individual behavioral elements between groups, suggesting that the presence of the head, independent of its location, is sufficient for maintaining the overall courtship drive of males (Supplemental Figure 5 ).
Subsequently, we asked which specific visual features of the female head were important for directing the spatial organization of male courtship. Because one of the most striking visual features of the fly head is the contrast between the red-pigmented eyes and the surrounding cuticle (Supplemental Figure 3 ), we hypothesized that males recognize female eyes during courtship and use this as a visual landmark to coordinate spatial displays during courtship. To test this hypothesis, we generated two congenic lines of wild-type flies that differed in a single mutation in the white gene, resulting in red-and white-eyed females with inverted visual contrasts made between the eyes and surrounding cuticle (Supplemental Figure 3 ). We found that although both female genotypes elicit asymmetric courtship paths, the distances of males from the anterior end of whiteeyed females is significantly reduced when compared to males courting red-eyed females ( Figure   3K -N). Further, while males courting white-eyed flies tap females at the posterior end, the mean angular locations of both orienting and scissoring bouts were randomly distributed ( Figure 3O ). In addition, while the relative durations of tapping and orienting were not affected by female eye color, males courting white-eyed females spent significantly less time scissoring during the courtship ritual (p < 0.01, Kruskal Test; Supplemental Figure 6 ). These data are similar to those observed when males courted headless females and suggest that males use the eyes of the female as an important visual cue for coordinating both spatial and temporal aspects of the courtship ritual.
LC neurons are necessary for regulating spatiotemporal aspects of the male courtship ritual
Recent studies have implicated several classes of Lobula Columnar (LC) visual projection neurons in the regulation of various visually-induced behaviors in the fly [10, 11] , including motion detection during specific aspects of courtship [12] . Consequently, we investigated whether LC neurons are also important for the regulation of different spatial and/or temporal aspects of the courtship ritual.
Based on previously published associations between the activation of specific LC neurons and behavior, we chose to focus our investigation on five classes of LC neurons that could be involved in regulating various courtship behaviors, including: leg reaching (LC10), forward walking (LC17), backward walking (LC9, LC10, LC16, LC17), turning (LC16, LC17), and looming detection (LC4) [10] .
We found that synaptic silencing of specific populations of LC neurons by using targeted transgenic expression of Tetanus Toxin (TNT) [19] led to distinct courtship deficits across all lines we examined. Specifically, we found that different LC neuron subtypes play various roles in mediating both spatial and temporal aspects of the courtship ritual, including regulating the latency to court, fractions of time spent exhibiting each courtship element, and the transition frequencies between each behavioral state ( Figure 4 and Supplemental Figure 7 ). These data suggest that each subpopulation of visual descending neurons is involved in coordinating specific visually-guided behavioral elements of the male courtship ritual.
LC neurons contribute to stereotyped courtship-related locomotor patterns
The activation or inhibition of LC neurons can elicit or prevent specific movements in flies, respectively [10, 11] . To determine the types of movements required for proper male positioning during courtship, we therefore looked at average movement speeds when males were located at different angular positions around the female ( Figure 5A ). We found that control males had very stereotypical movement speeds around the female, where they accelerate and achieve high velocities while on either side of the females medial-lateral axis (V M L , areas shown in green in Figure 5B ); an effect which is mostly mediated via sideways movement ( Figure 5A -C). These males then slow down to much lower velocities when on either the females anterior (V A ) or posterior (V P ) sides.
In contrast, males with inactive populations of LC neurons move slower than controls overall, and while they are capable of speeding up when alongside the females medial-lateral axis (with the exception of LC16), they fail to slow down to the same extent as controls when near the female's head (as shown by decreased V M L /V A ratios; Figure 5D ). Interestingly, males courting decapitated females show similar movement phenotypes ( Figure 5E -G). These results suggest that LC neurons may be responsible for leading to decreased motor output upon detection of the head of the female.
Discussion
Innate behaviors, such as the courtship ritual in Drosophila melanogaster, provide unique opportunities to study the sensory cues and neuronal circuits that drive specific behaviors. Here we have identified the contribution of visual cues to the regulation of both spatial and temporal components of the male courtship ritual. Further, we demonstrate that specific classes of visual projection neurons play distinct roles in coordinating the unique spatial patterns of individual behavioral elements of the courtship ritual, as well as the temporal transitions between them. Thus, the studies we present here demonstrate that simple visual cues, such as eye pigmentation, are salient enough signals to direct multiple aspects of a complex social behavior.
Although we primarily focused on the role of the female's eyes in guiding spatiotemporal aspects of the male courtship ritual, our data also suggest that males must be capable of visually recognizing additional anatomical features of the female body. Specifically, we found that transplantation of the female's head from the anterior to posterior tip of her body did not lead to the complete reversal of male spatial courtship patterns ( Figure 3F -J). Similarly, males were still able to recognize some aspects of the anterior-posterior axis of white-eyed females ( Figure 3K -O).
One additional anatomical feature on the female that could visually guide males during courtship is the cuticular banding pattern on the abdomen. Although we did not directly test the role of the abdomen in regulating spatial aspects of male courtship, previous studies have indicated that the evolution of pigmentation patterns is under strong sexual selection [20, 21] . Nonetheless, our results suggest that the interplay between pigmentation patterns on both the abdomen and eyes might be utilized by males to direct spatial aspects of their mating displays.
We found that visual cues present on the female are important not only for directing males to specific locations around the female, but they also determine temporal aspects of the courtship ritual. In particular, in the absence of visual input, males decrease the relative amount of time spent engaging in scissoring behaviors and increase the time spent tapping. While these results are most strikingly observed between males courting under either white or red light ( Figure 2 and Supplemental Figure 2 ), we also found that males courting either decapitated or white-eyed females displayed lower levels of scissoring ( Figure 3 and Supplemental Figures 4 and 6). One possible interpretation of these results is that males compensate for the loss of sensory information in one modality by collecting more information through the remaining modalities [22] . Therefore, males lacking visual inputs increase their levels of tapping to increase tactile and/or chemosensory inputs from their female courtship target.
Our study suggests that males use a relatively simple visual cue to define the anterior-posterior body axis of courtship targets. Yet the precise spatial and temporal release of specific courtship elements in response to this cue seem to depend on the complex activities of multiple independent populations of LC neurons, each with its own selective effects on male courtship behaviors. While we currently do not know how these circuits interact to generate specific behavioral outputs in the context of courtship, it is likely that each population of visual projection neurons responds to a single visual feature, and the collective activity of these cells is integrated with other contextual cues to generate specific behavioral responses. For instance, as a male approaches a stationary female during courtship, she would appear to be looming. LC4 and LC16 have previously been shown to respond to looming stimuli to generate escape responses [23, 10, 11] ; here, we show that in the context of mating, males can also utilize these cell populations to drive distinct courtship behaviors. In contrast to previous studies that have focused on the role of female-generated movement in mediating male chase behaviors [6, 7, 8, 9, 12] , our experiments indicate that visual cues play a much broader role in regulating spatial and temporal aspects of mating-related social interactions.
In conclusion, our studies indicate that although vision is not required for triggering male courtship in Drosophila melanogaster, it plays an essential role in driving important spatial and temporal aspects of an innate social interaction. Under natural conditions, these previously under-appreciated features of the courtship ritual are likely to be essential for the reproductive success of males. Furthermore, the ability of males to modify the rates at which they engage in particular courtship elements, based on the currently available sensory information, suggest that the plasticity in choosing specific courtship elements may have evolved to enable males to achieve reproductive success even when environmental conditions are not optimal. 
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Methods
Flies
Animals were housed at 25 o C and 70% humidity under a 12h:12h light:dark cycle, and reared on a corn-meal based food (Archon Scientific). All flies used in this study are available from Bloomington Drosophila Stock Center (BDSC) (see Supplemental Table 1 ).
Canton-S male and female flies were used for courtship experiments under white and red light (Figures 1-2) and for decapitation and head-transplantation experiments ( Figure 3A-J) . Whiteeyed females were derived from w 1118 flies that had been back-crossed into Canton-S for at least 6 generations, and these flies, along with their red-eyed Canton-S counterparts, were used as courtship targets in the red-versus white-eyed experiments ( Figure 3K-O) . Canton-S females were used as courtship targets in the LC-inactivation experiments (Figures 4-5) , and males were derived from crosses between each LC-GAL4 line (LC4, BL68259; LC9, BL68342; LC10-1, BL68337;
LC16, BL68331; LC17, BL68356) and either an active (UAS-TNT + , BL28996) or inactive (UAS-TNT − , BL28841) mutant allele of the Tetanus Toxin gene [10, 19] .
Courtship Assay
All courtship trials were conducted at Zeitgeber Time (ZT) 1-5, using 4-6 day old virgin male and female flies. Both males and females were collected immediately following eclosion and moved into 25 mL plastic vials containing corn-meal-based food. Both males and females were kept in single-sex groups of 10-12 for two days, at which time individual males were moved into 5 mL glass vials containing a small amount of fly food and isolated for at least two additional days before testing. On test day, legs and wings were surgically removed from each female target, which was subsequently adhered to a rectangular piece of plastic weigh-boat (approx. 30mm x 30mm) using UV-hardening glue (RapidFix). A circular courtship arena (approx. 23mm diameter x 6mm height) was placed over the fixed female, and males were aspirated into the chamber and allowed to freely court the female for 10 minutes. The orientation of the anterior-posterior body axis of each target female was random across trials.
Video Recordings
Videos were recorded on a Raspberry Pi NoIR camera with a Navitar 8-48 mm lens for 10 minutes at 24 frames per second and were backlit using LEDs. To record under red-light conditions, LEDs were covered with long-pass, red filters (Neewer).
Tracking and Behavioral Classification
All videos were analyzed on a per-frame basis using custom software that tracks body and wing positions of courting flies and subsequently classifies whether or not a male was engaging in a particular behavior. Three classifiers were created for identifying frames that contained males engaging in bouts of (1) tapping or touching, (2) stationary orienting, and (3) stationary scissoring/wing extensions. For each frame, several features were calculated from tracking data for use in an AdaBoost decision tree classifier (see Supplementary Table 2 ). These features were selected based on both previous studies and empirical classifier cross-validation which yielded greater accuracies [24, 25, 26] .
Classifiers were created for each experiment by hand-scoring a subset of frames from at least 4 videos containing control males and 4 videos containing experimental males. All classifiers had accuracies >95% (see Supplementary Tables 3-4 ). To further improve classification accuracies, all videos were hand-scored for bouts of courtship, and any positive behavioral classifications falling outside of courtship were discarded.
Each of the individual courtship behaviors we classified were defined to be mutually exclusive of one another. We specified a behavioral hierarchy whereby tapping/touching took the highest precedence, followed by scissoring/wing extensions, and then orienting. If a video frame contained multiple behavioral classifications, we used the behavioral hierarchy to determine which behavior to retain and eliminated all other classifications from that frame. This was done to eliminate the strong overlap between bouts of scissoring and orienting and allowed for us to more easily determine when a fly transitioned from one behavior to another. Further, this let us calculate pertinent spatial correlations between behaviors (see Supplemental Figure 1 ).
Behavioral Data Analysis
Prior to each analysis, the orientation of the female in the courtship arena (along with all tracking data) was rotated such that the females anterior-posterior body axis was aligned along the x-axis, with the head centered at 0 radians and facing to the right (as shown in Figure 1A-B ).
Courtship Path. The courtship path of each male was calculated by dividing the angular space surrounding the female into 50 bins and taking the mean centroid-to-centroid distance between the male and female during bouts of courtship. For some experiments, both control and experimental males attempted to copulate with the female for extended periods of time. While these males were not physically able to copulate since the female was fixed in place, these long durations of minimal movement had a significant effect on the courtship path, and for our purposes, represented bouts of copulation; they were therefore removed from all analyses.
Anterior-Posterior Distance Ratio (D A /D P ). The D A /D P ratio was calculated as the ratio of the maximum courtship path when the male was on the front half of the female (−π/2 < θ male < π/2) to when the male was on the rear half of the female (θ male < −π/2 or θ male > π/2). Courtship Latency and Index. The courtship index was calculated as the total fraction of time a male spent courting a female from the first occurrence of any courtship element until the end of the 10-minute trial (t courting /(t end−trial − t start−courtship )). The courtship latency was calculated as the time taken until the first occurrence of courtship during the trail.
Behavioral Indexes. Behavioral indexes were calculated for each of the classified behavioral states. These indexes represent the fraction of time a male spent in a particular behavioral state with respect to the duration of time the male spent courting (t in−state /t courting ).
Behavioral Transitions. The frequency of transitioning from one behavior to another was calculated by taking the number of transitions between each behavior over the total number of behavioral transitions (n b1→b2 /n total , n b2→b3 /n total , etc.).
All software and scripts used for tracking, classification, and data analysis were written in Python and are freely available at www.github.com/regginold/drosophila-courtship.
Supplemental Figures
Supplemental Figure 1 Table 3 : Behavioral classifier cross-validations. Leave-one-out cross validation was used to determine classifier accuracies, false positive rates (FPRs), and false negative rates (FNRs), as well as standard errors around the mean (± SEM) for each of the behavioral classifiers. 
Classifier Acc (%) FPR (%) FNR (%)
